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(57) ABSTRACT

A method of fabricating a polycrystalline CVD synthetic
diamond material having an average thermal conductivity at
room temperature through a thickness of the polycrystalline
CVD synthetic diamond material of at least 2000 Wm™ 'K,
the method comprising: loading a refractory metal substrate
into a CVD reactor; locating a refractory metal guard ring
around a peripheral region of the refractory metal substrate,
the refractory metal guard ring defining a gap between an
edge of the refractory metal substrate and the refractory

metal guard ring having a width 1.5 mm to 5.0 mm;
introducing microwaves into the CVD reactor at a power
such that the power density in terms of power per unit area
of the refractory metal substrate is in a range 2.5 to 4.5 W
mm™2; introducing process gas into the CVD reactor
wherein the process gas within the CVD reactor comprises
a nitrogen concentration in a range 600 ppb to 1500 ppb
calculated as molecular nitrogen N2, a carbon containing
gas concentration in a range 0.5% to 3.0% by volume, and
a hydrogen concentration in a range 92% to 98.5% by
volume; controlling an average temperature of the refractory
metal substrate to lie in a range 750° C. to 950° C. and to
maintain a temperature difference between an edge and a
centre point on the refractory metal substrate of no more
than 80° C. growing polycrystalline CVD synthetic diamond
material to a thickness of at least 1.3 mm on the refractory
metal substrate; and cooling the polycrystalline CVD syn-
thetic diamond material to yield a polycrystalline CVD
synthetic diamond material having a thickness of at least 1.3
mm, an average thermal conductivity at room temperature
through the thickness of the polycrystalline CVD synthetic
diamond material of at least 2000 Wm™'K~! over at least a
central area of the polycrystalline CVD synthetic diamond
material, wherein the central area is at least 70% of a total
area of the polycrystalline CVD synthetic diamond material,
a single substitutional nitrogen concentration no more than
0.80 ppm over at least the central area of the polycrystalline
CVD synthetic diamond material, and wherein the polycrys-
talline CVD synthetic diamond material is substantially
crack free over at least the central area thereof such that the
central area has no cracks which intersect both external
major faces of the polycrystalline CVD synthetic diamond
material and extend greater than 2 mm in length.

18 Claims, 8 Drawing Sheets
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1
THICK POLYCRYSTALLINE SYNTHETIC
DIAMOND WAFERS FOR HEAT SPREADING
APPLICATIONS AND MICROWAVE PLASMA
CHEMICAL VAPOUR DEPOSITON
SYNTHESIS TECHNIQUES

FIELD OF THE INVENTION

The present invention relates to the fabrication of thick
polycrystalline synthetic diamond wafers for heat spreading
applications using a chemical vapour deposition (CVD)
technique.

BACKGROUND OF INVENTION

Chemical vapour deposition (CVD) processes for synthe-
sis of diamond material are now well known in the art.
Useful background information relating to the chemical
vapour deposition of diamond materials may be found in a
special issue of the Journal of Physics: Condensed Matter,
Vol. 21, No. 36 (2009) which is dedicated to diamond related
technology. For example, the review article by R. S. Balmer
et al. gives a comprehensive overview of CVD diamond
materials, technology and applications (see “Chemical
vapour deposition synthetic diamond: materials, technology
and applications” J. Phys.: Condensed Matter, Vol. 21, No.
36 (2009) 364221).

Being in the region where diamond is metastable com-
pared to graphite, synthesis of diamond under CVD condi-
tions is driven by surface kinetics and not bulk thermody-
namics. Diamond synthesis by CVD is normally performed
using a small fraction of carbon (typically <5%), typically in
the form of methane although other carbon containing gases
may be utilized, in an excess of molecular hydrogen. If
molecular hydrogen is heated to temperatures in excess of
2000 K, there is a significant dissociation to atomic hydro-
gen. In the presence of a suitable substrate material, syn-
thetic diamond material can be deposited.

Atomic hydrogen is essential to the process because it
selectively etches off non-diamond carbon from the sub-
strate such that diamond growth can occur. Various methods
are available for heating carbon containing gas species and
molecular hydrogen in order to generate the reactive carbon
containing radicals and atomic hydrogen required for CVD
diamond growth including arc-jet, hot filament, DC arc,
oxy-acetylene flame, and microwave plasma.

Methods that involve electrodes, such as DC arc plasmas,
can have disadvantages due to electrode erosion and incor-
poration of material into the diamond. Combustion methods
avoid the electrode erosion problem but are reliant on
relatively expensive feed gases that must be purified to
levels consistent with high quality diamond growth. Also the
temperature of the flame, even when combusting oxy-
acetylene mixes, is insufficient to achieve a substantial
fraction of atomic hydrogen in the gas stream and the
methods rely on concentrating the flux of gas in a localized
area to achieve reasonable growth rates. Perhaps the prin-
cipal reason why combustion is not widely used for bulk
diamond growth is the cost in terms of kWh of energy that
can be extracted. Compared to electricity, high purity acety-
lene and oxygen are an expensive way to generate heat. Hot
filament reactors while appearing superficially simple have
the disadvantage of being restricted to use at lower gas
pressures which are required to ensure relatively effective
transport of their limited quantities of atomic hydrogen to a
growth surface.
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In light of the above, it has been found that microwave
plasma is the most effective method for driving CVD
diamond deposition in terms of the combination of power
efficiency, growth rate, growth area, and purity of product
which is obtainable.

A microwave plasma activated CVD diamond synthesis
system typically comprises a plasma reactor vessel coupled
both to a supply of source gases and to a microwave power
source. The plasma reactor vessel is configured to form a
resonance cavity supporting a standing microwave. Source
gases including a carbon source and molecular hydrogen are
fed into the plasma reactor vessel and can be activated by the
standing microwave to form a plasma in high field regions.
If a suitable substrate is provided in close proximity to the
plasma, reactive carbon containing radicals can diffuse from
the plasma to the substrate and be deposited thereon. Atomic
hydrogen can also diffuse from the plasma to the substrate
and selectively etch off non-diamond carbon from the sub-
strate such that diamond growth can occur.

A range of possible microwave plasma reactors for syn-
thetic diamond film growth using a CVD process are known
in the art. Such reactors have a variety of different designs.
Common features include: a plasma chamber; a substrate
holder disposed in the plasma chamber; a microwave gen-
erator for forming the plasma; a coupling configuration for
feeding microwaves from the microwave generator into the
plasma chamber; a gas flow system for feeding process
gases into the plasma chamber and removing them there-
from; and a temperature control system for controlling the
temperature of a substrate on the substrate holder.

A useful overview article by Silva et al. summarizing
various possible reactor designs is given in the previous
mentioned Journal of Physics (see “Microwave engineering
of plasma-assisted CVD reactors for diamond deposition” J.
Phys.: Condens. Matter, Vol. 21, No. 36 (2009) 364202).
Having regard to the patent literature, U.S. Pat. No. 6,645,
343 (Fraunhofer) discloses an example of a microwave
plasma reactor configured for diamond film growth via a
chemical vapour deposition process. The reactor described
therein comprises a cylindrical plasma chamber with a
substrate holder mounted on a base thereof. A cooling device
is provided below the substrate holder for controlling the
temperature of a substrate on the substrate holder. Further-
more, a gas inlet and a gas outlet are provided in the base of
the plasma chamber for supplying and removing process
gases. A microwave generator is coupled to the plasma
chamber via a high-frequency coaxial line which is subdi-
vided at its delivery end above the plasma chamber and
directed at the periphery of the plasma chamber to an
essentially ring-shaped microwave window in the form of a
quartz ring mounted in a side wall of the plasma chamber.

Using microwave plasma reactors such as those disclosed
in the prior art it is possible to grow polycrystalline diamond
wafers by chemical vapour deposition on a suitable substrate
such as a silicon wafer or a carbide forming refractory metal
disk. Such polycrystalline CVD diamond wafers are gener-
ally opaque in their as-grown form but can be made trans-
parent by polishing opposing faces of the wafers to produce
transparent polycrystalline diamond windows for optical
applications.

Diamond material is useful as a heat spreading component
as it has a high thermal conductivity. For example, one such
application is as a heat spreading substrate in a disk laser as
illustrated schematically in FIG. 1. A disk laser comprises a
heat spreading substrate S on which a thin disk of laser gain
material LGM is disposed. The thin disk is also often called
an active mirror because it acts as a mirror with laser gain.
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The heat spreading substrate may be subjected to a coolant
C for extracting and removing heat therefrom. An output
coupler O is positioned opposite the active mirror to form an
optical cavity OC. The active mirror is pumped with, for
example, a diode laser DL and high powered laser light LI
is emitted through the output coupler.

It is known to use a polycrystalline CVD synthetic
diamond wafer as a heat spreading substrate for mounting
the active mirror of a disk laser. Diamond material has been
found to be useful in such an application because of its
extremely high thermal conductivity. Furthermore, diamond
material has a very low thermal expansion coefficient such
that thermal distortion is low.

The thermal performance of a polycrystalline CVD syn-
thetic diamond wafer is dependent on the physical dimen-
sions of the wafer (diameter and thickness) and the quality
of the diamond material forming the wafer. For example, a
thick, large area wafer will tend to have better heat spreading
functionality than a thin, small area wafer. Furthermore, it is
known that thermal conductivity is affected by grain size,
impurities and/or defects such as non-diamond carbon which
are incorporated into the diamond material during growth. In
addition, material quality is intimately linked with wafer
geometry and growth rate. For example, growing wafers to
increased thickness tends to increase the rate at which
impurities and/or defects are incorporated into a polycrys-
talline CVD synthetic diamond wafer. Furthermore, growing
wafers to increased diameter tends to increase the rate at
which impurities and/or defects are incorporated into a
polycrystalline CVD synthetic diamond wafer, particularly
at a periphery of the wafers. Further still, growing wafers at
increased growth rate tends to increase the rate at which
impurities and/or defects are incorporated into a polycrys-
talline CVD synthetic diamond wafer. In addition, growing
wafers to increased thickness, diameter, and/or growth rate
can also lead to problems of wafer cracking during the
synthesis process.

For applications such as high performance disk lasers, it
is desirable to provide polycrystalline CVD synthetic dia-
mond wafers having a diameter of 20 mm, a thickness of at
least 2 mm, and a thermal conductivity of at least 2000
Wm~'K™'. Typical thermal-grades of polycrystalline CVD
synthetic diamond wafers tend to have a thermal conduc-
tivity of less than 2000 Wm™'K~'. Accordingly, for such
high performance thermal applications, to date higher qual-
ity dielectric-grade or optical-grade polycrystalline CVD
synthetic diamond wafers have been utilized. However, such
higher grades of polycrystalline CVD synthetic diamond
material are generally grown at lower growth rates in order
to achieve better quality material leading to increased
expense.

In light of the above, it is an aim of certain embodiments
of the present invention to provide a lower cost microwave
plasma CVD diamond synthesis process in order to fabricate
thick polycrystalline CVD synthetic diamond wafers having
high thermal conductivity for heat spreading applications
such as in disk lasers.

SUMMARY OF INVENTION

One approach to solve the aforementioned problem would
be to develop a new larger area polycrystalline CVD syn-
thetic diamond wafer growth process such that more mate-
rial is produced per growth run. Such larger area as-grown
wafers could then be cut into a number of smaller product
wafers such that a plurality of product wafers are produced
by each growth run thus reducing cost per product wafer.
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However, as previously discussed it can be problematic to
grow polycrystalline CVD synthetic diamond wafers to
larger areas without a significant reduction in the quality and
thermal performance of the material around peripheral
regions. This can be partially compensated by reducing the
growth rate but this negates any economic benefit from
growing larger areas of material in a single growth run by
increasing the time and associated expense of each indi-
vidual growth run.
An alternative to solve the aforementioned problem
would be to develop a new higher growth rate synthesis
process without unduly reducing the area of the material
grown per run in order to reduce time and associated cost per
growth run. This has been identified as being the more
feasible route to an improved economic process for produc-
ing high performance, thick, large area thermal grade poly-
crystalline CVD diamond wafer material. However, achiev-
ing a successful technical solution using this route has
proved difficult.
Increasing the growth rate of current high thermal grade
material can be achieved by modifying the process gas
composition to have an increased concentration of methane
and an increased concentration of nitrogen. However, this
results in reduced quality of material and an associated
reduction in thermal conductivity. This problem can be
compensated by increasing the power density within the
plasma chamber during the growth process to “clean-up” the
material during growth. Increasing power density can be
achieved by either increasing the power input to the plasma
chamber or otherwise reducing the substrate area thereby
increasing the power density expressed in terms of the
power per unit area of substrate. However, a further problem
occurs when such a modification is made in that an increased
power density leads to an increase in temperature variation
between an edge region and a central region of the substrate
at increased power densities with higher temperatures at
edge regions leading to tensile stress in the edge regions
causing cracking In order to solve this problem, a suitably
modified refractory metal guard ring has been provided to
cool the edge regions, achieving a more uniform temperature
across the substrate at high power densities and resulting in
crack free, high growth rate, high thermal grade material.
According to a first aspect of the present invention there
is provided a method of fabricating a polycrystalline CVD
synthetic diamond material having an average thermal con-
ductivity at room temperature through a thickness of the
polycrystalline CVD synthetic diamond material of at least
2000 Wm™'K~!, the method comprising:
loading a refractory metal substrate into a CVD reactor;
locating a refractory metal guard ring around a peripheral
region of the refractory metal substrate, the refractory
metal guard ring defining a gap between an edge of the
refractory metal substrate and the refractory metal
guard ring having a width 1.5 mm to 5.0 mm;

introducing microwaves into the CVD reactor at a power
such that the power density in terms of power per unit
area of the refractory metal substrate is in a range 2.5
to 4.5 W mm™>;

introducing process gas into the CVD reactor wherein the

process gas within the CVD reactor comprises a nitro-
gen concentration, calculated as molecular nitrogen N,
in a range 600 ppb to 1500 ppb, a carbon containing gas
concentration in a range 1.5% to 3.0% by volume, and
a hydrogen concentration in a range 92% to 98.5% by
volume;

controlling an average temperature of the refractory metal

substrate to lie in a range 750° C. to 950° C. and to
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maintain a temperature difference between an edge and
a centre point on the refractory metal substrate of no
more than 80° C.

growing polycrystalline CVD synthetic diamond material
to a thickness of at least 1.3 mm on the refractory metal
substrate; and
cooling the polycrystalline CVD synthetic diamond mate-
rial to yield a polycrystalline CVD synthetic diamond
material having a thickness of at least 1.3 mm, an
average thermal conductivity at room temperature
through a thickness of the polycrystalline CVD syn-
thetic diamond material of at least 2000 Wm™'K~! over
at least a central area of the polycrystalline CVD
synthetic diamond material, wherein the central area is
at least 70% of a total area of the polycrystalline CVD
synthetic diamond material, a single substitutional
nitrogen concentration no more than 0.80 ppm over at
least the central area of the polycrystalline CVD syn-
thetic diamond material, and wherein the polycrystal-
line CVD synthetic diamond material is substantially
crack free over at least the central area thereof such that
the central area has no cracks which intersect both
external major faces of the polycrystalline CVD syn-
thetic diamond material and extend greater than 2 mm
in length.
According to a second aspect of the present invention
there is provided a polycrystalline CVD synthetic diamond
material comprising:
an average thermal conductivity at room temperature
through a thickness of the polycrystalline CVD syn-
thetic diamond material of at least 2000 Wm™'K~" over
at least a central area of the polycrystalline CVD
synthetic diamond material, wherein the central area is
at least 70% of a total area of the polycrystalline CVD
synthetic diamond material; and
a single substitutional nitrogen concentration no more
than 0.80 ppm over at least the central area of the
polycrystalline CVD synthetic diamond material;

wherein the thickness of the polycrystalline CVD syn-
thetic diamond material is at least 1.3 mm; and

wherein the polycrystalline CVD synthetic diamond
material is substantially crack free over at least the
central area such that the central area has no cracks
which intersect both external major faces of the poly-
crystalline CVD synthetic diamond material and extend
greater than 2 mm in length.

With respect to the first aspect of the invention, the growth
rate of the material has been increased when compared with
previous dielectric grade and optical grade polycrystalline
CVD synthetic diamond synthesis process by increasing the
concentration of nitrogen and carbon containing gas within
the CVD synthesis atmosphere. This would usually lead to
an increase in the concentration of non-diamond carbon
within the product material leading to a decrease in the
thermal conductivity of the product material. However, this
has been counteracted by increasing the power density
which may be achieved by maintaining the total microwave
power input to the CVD reactor chamber but decreasing the
refractory metal substrate diameter. The increase in power
density decreases the net rate of non-diamond carbon for-
mation. With respect to the second aspect of the invention,
and rather counter-intuitively, the modified process condi-
tions also lead to a product containing less single substitu-
tional nitrogen even though a higher nitrogen concentration
is provided in the gas phase to increase growth rate. Again,
the decrease in nitrogen uptake is due to the increase in
power density when compared with previous growth pro-

10

15

20

25

30

35

40

45

50

55

60

65

6

cesses used for large area dielectric and optical grade
polycrystalline CVD synthetic diamond material. The prod-
uct characteristics are thus characteristic of a higher power
density process which allows the growth of thicker wafers at
higher growth rates without detrimentally affecting the ther-
mal properties of the product wafer.

The present inventors have thus developed a cheaper
synthesis route to thick polycrystalline CVD synthetic dia-
mond material with good thermal characteristics and a new
product material which has characteristics indicative of the
cheaper synthesis process.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present invention and to
show how the same may be carried into effect, embodiments
of the present invention will now be described by way of
example only with reference to the accompanying drawings,
in which:

FIG. 1 illustrates a disk laser comprising a diamond heat
spreading substrate;

FIG. 2 illustrates a microwave plasma reactor configured
to fabricate thick, high thermal conductivity polycrystalline
CVD diamond wafers;

FIGS. 3(a), 3(b) and FIG. 4 illustrate components of a
microwave coupling configuration for coupling microwaves
into a plasma chamber;

FIGS. 5(a) to 5(c) show electric field profile plots for
varying heights of substrate within a microwave plasma
reactor;

FIGS. 6(a) to 6(c) show how the height of the growth
surface of the substrate is calculated relative to a mean
height of a surface surrounding the substrate;

FIG. 7 illustrates a microwave plasma reactor similar to
that illustrated in FIG. 2 with a refractory metal guard ring
disposed around a peripheral region of the substrate; and

FIG. 8 illustrates a cross-sectional view of a refractory
metal guard ring.

DETAILED DESCRIPTION

The microwave plasma reactor illustrated in FIG. 2 com-
prises the following components: a plasma chamber 2; a
substrate holder 4; a substrate 5; a microwave generator 6;
plasma 8 generated in use for growing a polycrystalline
CVD diamond wafer 9 having a nucleation face 9' and a
growth face 9"; a microwave coupling configuration 10;
dielectric window 12; source gas container system 14; one
or more gas inlets 16; one or more gas outlets 18; spacer
wires or spacer pads 20 to define a gas gap 22 between a
supporting surface of the substrate holder 4 and a rear
surface of the substrate 5; and a substrate temperature
control arrangement comprising a gas supply system 24
coupled to the gas gap 22 via a supply pipe 26, and a coolant
liquid supply system 28 for cooling the substrate holder.

The microwave plasma reactor can be considered to
comprise three subsystems: (A) gas and microwave delivery
systems configured to deliver process gases and microwaves
into a plasma chamber through a top plate of the plasma
chamber; (B) a plasma chamber comprising a base, a top
plate, and a side wall extending from the base to the top plate
defining a resonance cavity for supporting a microwave
resonance mode, the resonance cavity comprising a central
rotational axis of symmetry S extending from the base to the
top plate; and (C) a substrate mounting configuration com-
prising a substrate holder disposed in the base of the plasma
chamber providing a supporting surface for supporting a
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substrate on which the polycrystalline CVD diamond wafer
can be grown in use and a substrate temperature control
system comprising a coolant delivery system for supplying
liquid and/or gas coolant to the substrate holder to control a
temperature profile across the supporting surface of the
substrate holder in use.

Each of the subsystems will be described in more detail
below.

(A) The Gas and Microwave Delivery System

The microwave coupling configuration 10 comprises a
coaxial waveguide configured to feed microwaves from a
rectangular waveguide to an annular dielectric window 12.
The coaxial waveguide comprises an inner conductor and an
outer conductor. The annular dielectric window is made of
a microwave permeable material such as quartz which forms
a vacuum-tight window in a top portion of the plasma
chamber. The microwave generator 6 and the microwave
coupling configuration 10 are configured to generate a
suitable wavelength of microwaves and inductively couple
the microwaves into the plasma chamber to form a standing
wave within the plasma chamber having a high energy
anti-node located just above the substrate 5 in use.

The microwave coupling configuration 10 further com-
prises a waveguide plate 13. The waveguide plate 13 and its
mounting configuration are illustrated in more detail in
FIGS. 3(a), 3(), and 4. The waveguide plate 13 comprising
a plurality of apertures 32 disposed in an annular configu-
ration, each aperture forming a waveguide for coupling
microwaves from the coaxial waveguide into the plasma
chamber through the annular dielectric window 12. The
waveguide plate may also comprise a plurality of channels
34 extending between the apertures suitable for supplying
coolant and/or process gas from an outer circumferential
region to an inner axial region.

This configuration has been found to be advantageous as
it allows microwave power to be coupled into the plasma
chamber via an annular dielectric window while also allow-
ing of the provision of coolant and/or process gases to
regions of the plasma chamber enclosed by the waveguide
structure.

In addition to the above, the waveguide plate can be
configured to support the central conductor of the coaxial
waveguide. Accordingly, while the central conductor illus-
trated in FIG. 2 is a grounded post, in one alternative
arrangement the central conductor can be formed as an
electrically floating post which is not required to be
grounded on an upper wall of the rectangular waveguide
from the microwave generator. An inner conductor which is
electrically floating in the waveguide is in many respects a
simpler and more convenient method of transferring power
from a rectangular to a coaxial waveguide. This has the
disadvantage of losing the grounded point at which services
such as coolant water and process gas can be introduced
through the central conductor as shown in FIG. 2. However,
certain embodiments of the present invention provide an
alternative route for supplying such services via channels in
the waveguide plate.

Furthermore, the waveguide plate can be configured to
couple together upper and lower portions of the plasma
chamber and avoid large compressive stresses on the annular
dielectric window in use without the use of a mechanical
anchor point through a central conductor of the coaxial
waveguide. Further still, the annular dielectric window may
comprise two opposing surfaces through which microwaves
are coupled into the plasma chamber and seals may be
provided on said two opposing surfaces. This allows for a
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reliable seal to be formed between upper and lower portions
of the plasma chamber and at the dielectric window.

FIG. 4 shows a cross-sectional view of a portion of the
microwave plasma reactor illustrating an example of how
the annular dielectric window 12 and waveguide plate 13
can be mounted in the reactor. In the illustrated arrangement,
an outer peripheral portion of the waveguide plate 13 is
disposed between the outer conductor 36 of the coaxial
waveguide 38 and a side wall 40 of the plasma chamber. An
outer peripheral portion of the annular dielectric window 12
is disposed between the waveguide plate 13 and the side wall
40 of the plasma chamber. An inner portion of the annular
dielectric window 12 is held between an inner portion of the
waveguide plate 13 and a further plate 42. The apertures 32
in the waveguide plate are aligned with the annular dielectric
window 12 and channels 34 for supplying coolant and/or
process gas pass between the apertures into the inner portion
of'the waveguide plate 13. The annular dielectric window 12
may be mounted to the waveguide plate using elastomer
o-rings 44. In this arrangement the further plate 42 can be
attached to the waveguide plate 13 with a portion of the
dielectric window 12 disposed and held therebetween via
elastomeric o-rings 44.

The waveguide plate as described above fulfils several
advantageous functions:

(1) it allows injection of coolant and/or process gases;

(i1) it supports the central coaxial conductor;

(ii1) it forms a coupling between the upper and lower parts
of the plasma chamber;

(iv) it feeds microwaves from the coaxial waveguide into
the plasma chamber in an axial direction towards the
substrate; and

(v) it supports an annular dielectric window.

In the illustrated embodiment, the plurality of apertures in
the waveguide plate are configured to couple microwaves
into the plasma chamber in a direction parallel to a central
axis of the plasma chamber. In this arrangement, the wave-
guide plate is disposed in a plane perpendicular to a central
axis of the plasma chamber and forms a portion of an upper
wall in the plasma chamber. It has been found that coupling
microwaves into the plasma chamber in a direction parallel
to the axis of the chamber is more efficient and avoids the
need for a more complex coaxial feed configuration. As
such, even if channels for coolant and/or process gas are not
provided in the waveguide plate, and/or no floating post is
provided, the waveguide plate according to the present
invention is still advantageous for coupling microwaves into
the plasma chamber in an efficient and simple manner.

The plurality of apertures are preferably configured to
have a periodic rotational symmetry. For example, if n
apertures are provided, the apertures are configured sym-
metrically around a circle to have n fold rotational symme-
try. A symmetric arrangement is preferred to avoid asym-
metries in the electric field within the plasma chamber
formed as a result of asymmetries in the apertures.

The annular dielectric window as previously described is
formed of a single complete ring of dielectric material.
However, in an alterative arrangement the annular dielectric
window may be formed of a plurality of separate arcuate
segments, each segment sealed across a corresponding aper-
ture of the waveguide plate.

In one configuration the one or more channels extending
between the apertures in the waveguide plate comprise at
least one channel configured to supply process gas to one or
more injection ports arranged opposite the substrate holder
for injecting process gas towards the substrate holder. This
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configuration allows an axial gas flow arrangement to be
disposed at the same end of the chamber as the microwave
coupling configuration.

A central portion of the waveguide plate can support a
conductive surface 46 disposed opposite the substrate
holder. The conductive surface may be formed by the
waveguide plate or may be formed by a separate metallic
body which is connected to a central portion of the wave-
guide plate. One or more gas inlet nozzles 16 may be
disposed in the conductive surface for injecting process gas
towards the substrate holder. In one configuration, the con-
ductive surface is curved and extends towards a central
region of the plasma chamber. For example, the conductive
surface may form a cone-shaped body. Such a conductive
surface is useful as it can aid in preventing plasma formation
in an upper region of the plasma chamber. Effectively, the
conductive surface can mask off a high electric field region
in use. That is, the conductive surface can be located to
enclose a high electric field anti-node region which would
exist in a corresponding chamber which did not comprise the
conductive surface extending towards a central region of the
plasma chamber.

The waveguide plate may include 2, 3, 4, 5, 6, 7 or more
apertures. It has been found that varying the number of
apertures can affect the efficiency at which microwaves are
coupled into the plasma chamber. According to certain
arrangements, the waveguide plate comprises an odd num-
ber of apertures, most preferably a prime number of aper-
tures. For example, the waveguide plate may comprise 3, 5,
or 7 apertures.

Each aperture is in effect equivalent to a rectangular
waveguide. A three way aperture can help to maximize the
length of the aperture. Four and six way alternatives have
both been found to be deficient from the point of view of
mode stability. Despite the presence of several apertures, the
power can be predominantly coupled into the cavity in a
T™,,,, mode. There are effects from the symmetry of the
apertures visible in the form of the generation of high order
modes i.e. TM,,,,, (where 1 does not equal zero). Thus a
three way aperture in which all three apertures are excited in
phase will couple to the TM,;,,,,,, series of modes while the
four and six way apertures might be expected to couple with
the much higher order TM,,,, and TM,,,,,, modes. In
practice however, the four and six way apertures are prone
to parasitic modes. Thus a four or six way aperture can
couple into the TM,,,,,,, modes. Overall the effect is that the
four and six way apertures can produce asymmetries in the
plasma that result in either the plasma moving off centre or
splitting two ways. The three way aperture gives a stable
three way pulling effect that is less undesirable than the more
serious one way and two way break-up modes that occur
with other configurations. Instabilities can be dealt with
using mode cancelling blocks which are basically metal
bodies that produce a perturbation to the local electric field
that is intended to cancel that of the three way mode
produced by the apertures. The position of these metal
blocks can be established empirically. By placing them in
regions of high wall current (i.e. where the H field is high)
the blocks can be used to disrupt the unwanted mode. As
such in one arrangement a plurality of mode cancelling
blocks are disposed on an inner wall of the plasma chamber,
for example on a side wall or on a base of the chamber, the
mode cancelling blocks being configured to compensate for
electromagnetic perturbations caused by the plurality of
apertures. The mode cancelling blocks are spaced apart so as
to be symmetrically related to the aperture configuration.
For example, the number of mode cancelling blocks may be
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equal to the number of apertures provided in the waveguide
plate, the mode cancelling blocks being positioned to have
a symmetry which corresponds to the aperture arrangement.
For example, if three apertures are provided in the wave-
guide plate then three mode cancelling blocks may be
mounted around the plasma chamber wall in a lower portion
of the plasma chamber and arranged symmetrically so as to
cancel perturbations in the electric field caused by the
apertures. Alternatively, the number of mode cancelling
blocks may be an integer multiple of the number of apertures
while still being arranged to be symmetrically related to the
aperture configuration. The mode cancelling blocks can be
adhered to an inner wall of the plasma chamber or may be
integrally formed by a wall of the plasma chamber. Another
possible alternative to the three way aperture is to use a five
or seven way aperture. Because these are prime numbers
they are resistant to over-moding with lower order two way
modes etc. In this case the mode cancelling blocks may not
be required.

It is further advantageous to supply microwave energy to
a plasma chamber via apertures having a specific radial
width. A ratio of the annular gap (in a radial direction)
provided by the apertures in the waveguide plate to that of
a diameter of the plasma chamber may be in the range Vo
to 50, Y20 to Yao, Y45 to Vs, or optionally approximately Y3o.
This annular gap may be provided by locating the apertures
adjacent the side wall of the plasma chamber with the outer
conductor of the coaxial waveguide being comparable in
diameter to the diameter of the resonance cavity of the
plasma chamber and the inner conductor being only slightly
smaller than the outer conductor to achieve a ratio as
previously specified for the annular gap. By varying the ratio
of'the diameters of these two conductors it is possible to find
an optimum point at which a match to the chamber is
achieved. In an alternative arrangement, the apertures may
be placed away from the side walls of the plasma chamber,
e.g. at an intermediate position between the centre and an
edge of the top plate. Advantageously, the components of the
chamber and microwave coupling assembly should be con-
figured to a high degree of precision, e.g. such that dimen-
sions and positioning of components is within 0.1% of the
prescribed specification.

The gas supply system comprises a source gas container
system 14, one or more gas inlets 16 and one or more gas
outlets 18. One axially disposed gas inlet is illustrated in
FIG. 2 in the centre of the top plate of the plasma chamber
which also forms the previously described waveguide plate
13. Optionally, the gas inlet can be modified to provide an
array of gas inlet nozzles across an area of the top plate of
the plasma chamber.

The gas inlet is positioned in a top portion of the plasma
chamber directly above the substrate holder and configured
to directly feed gas at high velocity towards the substrate.
Process gas is removed at one or more outlets in or near the
base of the plasma chamber. Optionally, the process gas can
be recirculated to the inlet using a pump. An advantage of
such a system is that high velocity gas flow directed towards
the substrate transports activated gas species from the
plasma to the substrate by convection. This aids in increas-
ing growth rates when compared with systems which rely
upon diffusion of activated gas species from the plasma to
the substrate. Furthermore, as previously discussed, by
increasing the hydrogen gas flow rate using such an arrange-
ment it is possible to push more atomic hydrogen to periph-
eral regions of the polycrystalline diamond wafer thus
increasing the rate at which non-diamond carbon is etched
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from the growth surface and improving the quality of the
material in peripheral regions of the growing wafer.

An alternative or additional solution is to provide a gas
inlet nozzle array having a plurality of gas inlet nozzles
directed towards the growth surface of the substrate and
disposed over an area sufficiently large to ensure that a
sufficiently large concentration of atomic hydrogen is pro-
vided in peripheral regions of a polycrystalline diamond
wafer during growth. In this regard, a relatively high number
of nozzles can be closely spaced to ensure a relatively
uniform flow of gas. It has been found that providing a
relatively high number density of nozzles in an array
improves the uniformity of gas flow towards the substrate in
use and allows the plasma to be uniformly flattened and
shaped relative to the substrate to achieve uniform diamond
film formation at high rates over a relatively large area. It has
also been found to be useful to provide relatively small area
nozzles such that the area of the nozzle array is largely made
up of the space in-between the nozzles rather than the area
of the nozzle outlets themselves. As such, whereas it has
been found to be advantageous to provide a relatively large
number density of nozzles in relation to the area of the
nozzle inlet array, it has also been found to be advantageous
to provide an array in which the ratio of the area of the
nozzle inlets divided by the area of the nozzle array as a
whole is low. It has been found that small nozzles are
advantageous for providing high velocity directed gas flows.
However, it is also desired to have a relatively uniform gas
flow over a relatively large area for uniform deposition of a
diamond film over a relatively large area. Accordingly, a
combination of relatively small inlet nozzle size and a
relatively high number density of such nozzles has been
found to be advantageous to achieve a balance between high
velocity directed gas flows and uniformity of gas flow over
a relatively large area.

In light of the above, a modified gas flow system may
comprise a gas inlet nozzle array comprising a plurality of
gas inlet nozzles disposed opposite the substrate holder for
directing process gases towards the substrate holder, the gas
inlet nozzle array comprising: at least six gas inlet nozzles
disposed in a substantially parallel or divergent orientation
relative to a central axis of the plasma chamber (by sub-
stantially parallel we mean at least within 10°, 5°, 2°, or 1°
of a perfect parallel arrangement); a gas inlet nozzle number
density equal to or greater than 0.1 nozzles/cm?, (but pref-
erably much higher for certain applications) wherein the gas
inlet nozzle number density is measured by projecting the
nozzles onto a plane whose normal lies parallel to the central
axis of the plasma chamber and measuring the gas inlet
number density on said plane; and a nozzle area ratio of
equal to or greater than 10 (but preferably much higher for
certain applications), wherein the nozzle area ratio is mea-
sured by projecting the nozzles onto a plane whose normal
lies parallel to the central axis of the plasma chamber,
measuring the total area of the gas inlet nozzle area on said
plane, dividing by the total number of nozzles to give an area
associated with each nozzle, and dividing the area associated
with each nozzle by an actual area of each nozzle.

(B) The Plasma Chamber

The plasma chamber is configured to form a resonance
cavity supporting a standing microwave in use. According to
one configuration the plasma chamber is configured to
support a TM,,,;,, standing microwave in use, e.g. a TM,,
mode. The operational frequency may be in a range 400 to
500 MHz or 800 to 1000 MHz.

It has also been found to be advantageous to provide a
cylindrical resonance cavity configured to have a diameter
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which satisfies the condition that a ratio of the resonance
cavity height/the resonance cavity diameter is in the range
0.3 t0 1.0, 0.4 to 0.9, or 0.5 to 0.8. Such a ratio constitutes
a relatively small diameter cavity when compared to prior
art arrangements. Although it would seem counter-intuitive,
it has been found that it is advantageous to use a plasma
reactor chamber having a relatively small diameter to form
a uniform, stable, large area plasma for achieving uniform
CVD diamond growth over large areas. A relatively small
diameter cavity can provide the following beneficial tech-
nical effects:

(1) Improve resonance mode purity within the chamber
and avoid complex interactions between numerous
modes during operation over the long time-scales
required for CVD diamond synthesis. For example, a
small diameter chamber can reduce the problem of
slight temperature instabilities in the CVD diamond
growth surface stimulating an unwelcome higher order
mode.

(i) A cavity formed within a specific, relatively small,
diameter range is considered to allow the formation of
localized higher order axis-symmetric modes at the
substrate making the E-field across the substrate more
uniform without forming very intense radial E-fields at
the top corners of the substrate.

(ii1) A small diameter cavity which has a relatively low Q
factor is more easy to start and tune, and is less
sensitive to variations in microwave source frequency.

Such a relatively small diameter cavity also helps to
alleviate the problem of complex and interacting gas con-
vection currents forming within the chamber leading to
plasma instability. That is, the present inventors consider
that a small diameter cavity provides a more simple and
easier to control system in terms of both gas flow and
microwave power within the plasma chamber such that a
more uniform, stable, large area plasma can be formed and
maintained to achieve uniform CVD diamond growth over
large areas. At the same time, the diameter of the cavity
should not be so small that the plasma becomes compressed
and non-uniform across the substrate.

For example, the resonance cavity height, as measured
from the base to the top plate of the plasma chamber, may
lie in a range: 300 mm to 600 mm, 300 mm to 500 mm, or
400 mm to 500 mm at a microwave frequency fin the range
400 MHz to 500 MHz; or 150 mm to 300 mm, 150 mm to
250 mm, or 200 mm to 250 mm at a microwave frequency
fin the range 800 MHz to 1000 MHz. The resonance cavity
diameter may lie in the range: 400 mm to 1000 mm, 500 mm
to 900 mm, or 600 mm to 800 mm at a microwave frequency
fin the range 400 MHz to 500 MHz; or 200 mm to 500 mm,
250 mm to 450 mm, or 300 mm to 400 mm at a microwave
frequency f in the range 800 MHz to 1000 MHz. The
resonance cavity may have a volume in a range: 0.018 m* to
0.530 m?, 0.062 m?> to 0.350 m>, 0.089 m?> to 0.270 m?, or
0.133 m® to 0.221 m’ at a microwave frequency f in the
range 400 to 500 MHz; or 0.002 m> to 0.06 m?, 0.007 m> to
0.04 m*, 0.01 m® to 0.03 m?, or 0.015 m> to 0.025 m® at a
microwave frequency fin the range 800 MHz to 1000 MHz.

One potentially problem when using a small cavity
arrangement as described above is that of over heating in
wall components of the chamber. However, it has been
found to be advantageous to provide an arrangement in
which the walls of the resonance cavity are exposed to the
plasma in use, i.e. the plasma is not contained within a bell
jar, to avoid silicon contamination. Plasma reactor vessels
are usually manufactured from welded stainless steel as this
is the accepted material of choice for ultra-high vacuum
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(UHV) chambers. However, it has been found that this
creates problems with arcing at interfaces, soot formation on
hot surfaces, and generally poor heat transfer. Furthermore,
these chambers cost a large amount of money to build.
Aluminium has been found to be a better material thermally
and is also easy to machine. Thus, while stainless steel is a
good material for vacuum chambers, its very poor thermal
performance makes it not well suited to use in areas where
high power densities are experienced. Materials such as
aluminium, while not traditionally regarded as suitable for
high vacuum, are actually quite good for reasonably high
vacuum usage where conventional elastomer seals can be
used.

In light of the above, the resonance cavity may comprise
internal walls configured to be exposed to a plasma formed
within the resonance cavity in use, the internal walls com-
prising metallic surfaces forming at least 75%, 80%, 85%,
90% or 95% of a total surface area of the internal walls
within the resonance cavity. The metallic surfaces may be
made of aluminium or an alloy thereof comprising at least
80%, 90%, 95%, or 98% by weight of aluminium. Further-
more, a portion of the internal walls formed by the annular
dielectric window, is preferably no more than 25%, 20%,
15%, 10%, or 5% of the total surface area of the internal
walls within the resonance cavity.

Although a basic cylindrical chamber configuration is
illustrated in FIG. 2, additional optional features may be
provided. For example, projections from a wall of the
chamber may be provided in certain instances. These may be
provided to modify the electric field formed near the sub-
strate, introducing a vertical asymmetry which increases the
electric field above the substrate relative to the electric field
at an opposite end of the plasma chamber where plasma
formation is not desirable. In addition, such projections can
function as a mode filter, aiding stability and/or purity of the
electric field which drives the plasma. Such projections may
also be provided to alter the thermal properties of the plasma
which can aid in improving uniformity of CVD diamond
growth, function as a physical boundary to confine the
plasma in use and prevent the plasma from deviating from
an axially central location above the substrate, and/or inter-
rupt gas flow up a side wall of the plasma chamber thereby
reducing gas entrainment and unwanted convection currents
within the chamber which would otherwise destabilize the
inlet gas streams and/or the plasma. In such cases, it should
be ensured that any additional structure provided within the
plasma chamber have a high degree of rotational symmetry
and alignment with the rotational symmetry axis of the
plasma chamber to achieve good, uniform quality diamond
wafers.

(C) The Substrate Mounting Configuration

It has been found that the electric field profile is signifi-
cantly perturbed when a substrate is introduced into the
resonance cavity as can be shown by modelling or empirical
measurement. In this regard, FIGS. 5(a) to 5(¢) illustrate
electric field profile plots showing how the electric field
varies with differing height of a substrate within a resonance
cavity of a plasma reactor. The plots show the magnitude of
the electric field E, on the Y-axis against the lateral position
X across the diameter of the resonance cavity above the
substrate.

FIG. 5(a) illustrates the electric field profile when the
growth surface of the substrate S is located just above a base
B of the resonance cavity C. The electric field profile is
dominated by that of the empty chamber which is a J, Bessel
function for a TM,,,, chamber. There is only a slight con-
tribution to the electric field magnitude from the upper edge
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of the substrate forming a coaxial mode set up between the
substrate and the chamber wall. In this arrangement, the
electric field is high above a central region of the substrate
and drops off significantly towards the edge of the substrate.
As such, this electric field profile results in poor CVD
diamond growth in a peripheral region of the substrate
growth surface.

FIG. 5(b) illustrates the electric field profile when the
growth surface of the substrate S is located high above the
base B of the resonance cavity C. The electric field profile
is now dominated by the coaxial mode set up between the
substrate and the chamber wall which decays evanescently
into a central region of the chamber. In this arrangement, the
electric field is high above a peripheral region of the
substrate and drops off towards the central region of the
substrate. As such, this electric field profile results in poor
CVD diamond growth in a central region of the substrate
growth surface.

FIG. 5(c) illustrates the electric field profile when the
growth surface of the substrate S is located at the correct
height above a surrounding surface within the resonance
cavity C. The electric field profile of the empty chamber is
balanced with the coaxial mode set up between the substrate
and the chamber wall to form a substantially uniform
electric field region over the majority of the substrate with
a ring of higher electric field localized around the substrate
edge. The central region of the electric field is substantially
uniform but has a slightly lower electric field region just
inside the ring of higher electric field localized around the
substrate edge. One would think that this lower electric field
region would lead to poor CVD diamond growth at this
region of the growth surface. However, in practice it has
been found that the higher electric field ring immediately
outside the region of lower electric field aids in pulling the
plasma outwards, compensating for the slight non-unifor-
mity in the central region and resulting in a large, flat,
uniform plasma over the majority of the substrate enabling
uniform CVD diamond growth over large areas. In practice,
it has been found that a large, flat, uniform plasma over the
majority of the substrate enabling uniform CVD diamond
growth over large areas can be achieved when a ratio of
substrate diameter/height of the growth surface of the sub-
strate is in a range 10 to 14, 11 to 13.5, or 11.0 to 12.5,
wherein the height of the growth surface of the substrate is
relative to a mean height of a surface surrounding the
substrate.

According to certain embodiments of the present inven-
tion the substrate holder has a rotational axis of symmetry
lying within 1.0 mm, 0.5 mm, 0.25 mm, 0.2 mm, 0.15 mm,
0.10 mm, or 0.05 mm of the central rotational axis of
symmetry of the resonance cavity. Furthermore, in use a
substrate may be located and aligned on the substrate holder
such that a the rotation axis of symmetry of the substrate lies
within 1.0 mm, 0.5 mm or 0.2 mm of the central rotational
axis of symmetry of the resonance cavity when located over
the substrate holder.

For an arrangement in which the substrate holder is the
same diameter as the substrate, the substrate holder will be
located wholly under the substrate and the surface surround-
ing the substrate may be formed by the base of the plasma
chamber. As such, in this case the mean height of the surface
surrounding the substrate will equate to the height of the
base B of the plasma chamber C and the height of the growth
surface of the substrate, H,,, will be measured from the base
of the plasma chamber surrounding the substrate S and
substrate holder SH as illustrated in FIG. 6(a). Alternatively,
for an arrangement in which the substrate holder is much



US 9,478,938 B2

15

larger than the substrate thus forming a large flat surface
which surrounds the substrate, the mean height of the
surface surrounding the substrate will equate to a top surface
of the substrate holder. As such, in this case the height of the
growth surface of the substrate, H,,, will be measured from
the top surface of the substrate holder SH surrounding the
substrate S as illustrated in FIG. 6(b). For an arrangement in
which the substrate holder extends outwards from the sub-
strate with a sloped, curved, or stepped top surface surround-
ing the substrate then the mean height of the local surround-
ing surface, H,_, can be defined by a mean of a height, H
of a cross section between the edge of the substrate, at Rs,
and a distance approximately two times the thickness of the
substrate, 2xTs, away from the substrate edge, taken in a
radial direction, X:

local

1 [Rs+2Ts
= — f Hipeqt dX
Rs

Such an arrangement is illustrated in FIG. 6(c) for a
sloped substrate holder. For example, for a substrate holder
having a top surface sloping away from the substrate at an
angle of 45° to a distance 2xTs from the substrate in a radial
direction, the mean height of the surface surrounding the
substrate will equate to half the height of the substrate holder
SH. As such, in this case the height of the growth surface of
the substrate, H,, will be measured from half the height of
the substrate holder SH.

In relation to the above, it has been found that providing
a step of a particular height between the substrate growth
surface and the local surrounding surface perturbs the elec-
tric field profile of the plasma chamber in such a way that the
electric field profile of the empty chamber is balanced with
a coaxial mode set up between the substrate and the chamber
wall to form a substantially uniform electric field region
over the majority of the substrate with a ring of higher
electric field localized around the substrate edge as previ-
ously described.

The magnitude of the coaxial mode set up between the
substrate and the chamber wall can also be affected by the
ratio of a resonance cavity diameter/substrate diameter.
Accordingly, in certain arrangements it may be preferred to
provide a configuration in which a ratio of resonance cavity
diameter/substrate diameter is in the range 1.5 to 5, 2.0 to
4.5, or 2.5 to 4.0, wherein the resonance cavity diameter is
measured at a height less than 50%, 40%, 30%, or 20% of
a height of the resonance cavity. In one particularly preferred
arrangement the aforementioned ratios hold when the reso-
nance cavity diameter is measured at a height of the growth
surface of the substrate.

Providing suitable substrate dimensions and correctly
locating the substrate within the plasma chamber can thus
aid providing a more uniform plasma over larger areas.
Furthermore, the uniform plasma achieved by such configu-
rations also provides relatively uniform heat flow towards
the substrate which has been found to aid in alleviating the
problem of cracking of the CVD diamond when the CVD
diamond cools after growth. In this regard, stress balance in
a CVD diamond wafer is largely determined by the variation
in growth temperatures over the diamond wafer. Hotter
regions during growth contract to a greater extent during
cool down, and are therefore in tension; cooler regions
contract less, and therefore remain in compression. Varia-
tions in stress, in particular local tensile stresses, within the
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CVD diamond wafer during cooling can result in cracking
As such, large variations in substrate temperature are not
desirable.

That said, one potential problem using the previously
described arrangement is that the high electric field ring
disposed around the edge of the substrate can lead to higher
substrate temperatures at the edge of the substrate and this
can potentially lead to cracking of the substrate when the
CVD diamond material cools after growth. Indeed, rather
than having a completely uniform temperature across the
substrate growth surface as might be intuitively desired, the
present inventors consider that it is actually desirable to
ensure that the edge temperature of the substrate growth
surface is lower that the temperature in a central region of
the substrate growth surface. The reason for such an arrange-
ment is that crack propagation can be minimised by ensuring
that compressive regions within the CVD diamond material
are near where cracks can originate, i.e. near the edge of the
CVD diamond wafer. Accordingly, keeping the edge of the
substrate growth surface slightly cooler than a central region
during growth is considered to be advantageous in forming
a compressive region near the edge of the resulting CVD
diamond watfer. If a crack is initiated at an edge of a CVD
diamond wafer during cooling, the compressive region near
the edge of the CVD diamond wafer prevents the crack from
propagating towards the centre of the CVD diamond wafer.
As such, any cracks which are initiated tend to remain short
and located at an outer edge of the CVD diamond wafer
which can subsequently be processed to remove any minor
edge damage. In this regard, it is advantageous to provide a
substrate temperature control system an example of which is
illustrated in the reactor configuration of FIG. 2.

The substrate 5 is spaced apart from the substrate holder
4 by spacer wires or spacer pads 20 to define a gas gap 22
between a supporting surface of the substrate holder 4 and
a rear surface of the substrate 5. Furthermore a gas supply
system 24 is coupled to the gas gap 22 via a supply pipe 26
which extends from the gas supply system 24 through the
substrate holder 4 and is configured to supply gas into the
gas gap 22 through one or more outlets in the supporting
surface of the substrate holder. A coolant liquid supply
system 28 is also provided for cooling the substrate holder
4.

The coolant liquid supply system 28 provides a rough
basic cooling to the substrate holder. However, this system
has been found to be insufficiently precise for the fine
temperature control of the substrate which is considered to
be required by the present inventors in order to obtain high
quality, uniform deposition of CVD diamond over large
areas. Accordingly, the gas supply system 24, 26 is provided
in order to allow more precise control of the substrate
temperature. The gas supply system may be configured to
inject at least two gases having different thermal conduc-
tivities into the gas gap below the substrate and vary a ratio
of the at least two gases in order to control the temperature
of' the substrate on the substrate holder. For example, the gas
supply system may utilize a mixture of a light gas such as
hydrogen and a heavy gas such as argon which is less
thermally conductive. Advantageously, the gases used to
control the temperature of the substrate are ones which are
also utilized in the main process chemistry so that additional
gas sources are not required. If the edge temperature of the
substrate is too high relative to the central region of the
substrate, the proportion of heavy gas relative to light gas
can be increased to reduce the thermal conductivity of the
gas under a central region of the substrate, thus causing the
central region of the substrate to heat up relative to the edge
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of the substrate. Conversely, if the edge temperature of the
substrate is too low relative to the central region of the
substrate, the proportion of light gas relative to heavy gas
can be increased to increase the thermal conductivity of the
gas under a central region of the substrate, thus causing the
central region of the substrate to cool down relative to the
edge of the substrate. The absolute temperature of the
substrate as well as the relative temperature of different
regions of the substrate can also be controlled by varying gas
flow and gas composition within the gas gap under the
substrate.

The spacer wires 16 may be configured to define a central
gas gap cavity under the substrate so that the gas pools in the
central gas gap cavity. For example, the spacer wires 16 can
be each arcuate in shape and configured into a ring with gaps
therebetween through which gas can flow. The spacer ele-
ments may be electrically conductive and/or may be fixed in
place with an electrically conductive adhesive such as Silver
DAG™ which has been found to be useful in ensuring a
good electrical contact between the spacer elements and the
substrate holder. This aids in preventing the problem of
arcing under the substrate which can detrimentally affect
temperature control. It has also been noted that the position
of gaps between the ring sections of the spacer wires can
produce a variation in thickness of the diamond wafer. If
desired, the number and position can be adjusted to com-
pensate for other non-uniformities inherent in diamond
wafers produced by a given reactor.

The microwave plasma reactor further comprises one or
more temperature measurement devices configured to take at
least two temperature measurements, including one or more
measurements in a central region of the growth surface of
the substrate and one or more measurements in a peripheral
region of the growth surface of the substrate as previously
described. The temperature measurements may be taken
simultaneously or within a short time interval of each other
and the substrate temperature control system may be used to
ensure that the temperature gradient does not move outside
the previously described ranges. The temperature measure-
ment device may comprise a pyrometer 30 as illustrated in
FIG. 2. Two pyrometers may be provided, one to take the
central temperature measurements and one to take the
peripheral temperature measurements.

Microwave plasma reactors may comprise further fea-
tures such as a metallic temperature modifying ring disposed
around the substrate. Such a temperature modifying ring
performs two roles: it moves the ring of high electric field
away from the substrate edge; and, being a separately heated
(by plasma) and cooled (by the chamber base) item, it
directly modifies the substrate edge temperature. As such,
the ring can function to cool the edge of the substrate,
reducing the magnitude of any tensile stresses, making
cracking of the CVD diamond less likely. In addition,
adjusting the temperature moditying ring disposed around
the substrate can also modify overgrowth of CVD diamond
down the edge of the substrate thereby aiding release of the
CVD diamond material from the substrate. As with previ-
ously described structures, if any such a ring structure is
provided within the plasma chamber then it should be
ensured that it is rotationally symmetric and precisely
aligned relative to the rotational axis of the plasma chamber
to prevent asymmetries which are detrimental when growing
large area synthetic diamond wafers.

The substrate temperature control system may be config-
ured to control the temperature of the growth surface of the
substrate during CVD diamond growth thereon to fulfil the
condition: 5° C. <T_-T, <120° C.; 10° C. <T_-T, <100° C.;
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10° C. <T_-T, <80° C.; 20° C. <T_-T, <80° C.; or 20°
C. <T_-T, <60° C., where T, is a temperature in the central
region of the growth surface and T, is a temperature in the
peripheral region of the growth surface. If Tc-Te becomes
too large, excessive tension may be created in the central
region of the CVD diamond wafer during cooling, leading to
cracking in the central region of the CVD diamond wafer. If
Tc-Te becomes too small, compressive regions will not form
near the edge of the CVD diamond wafer and any cracks
which initiate at the edge of the wafer are more likely to
propagate across the CVD diamond wafer resulting in very
long cracks, including complete wafer fracture.

Even when utilizing arrangements such as those described
above, a number of problems may still exist, although these
may be substantially alleviated by the previously described
arrangements. For example, in some instances there may
still be issues of non-uniform CVD diamond growth across
the substrate, diamond wafer delamination from the sub-
strate during CVD diamond growth, and crack initiation
and/or propagation during cooling after growth of the CVD
diamond wafer, particularly when larger substrates are used
for growing large area polycrystalline diamond discs. This is
particularly problematic as there is an on going need to
increase the area over which high quality, uniform CVD
diamond can be grown. Furthermore, these problems tend to
be exacerbated when the substrates are reused in subsequent
growth runs. This is particularly problematic for refractory
metal substrates which are expensive and reuse is desirable
in an economically competitive industrial process.

One possible solution considered by the inventors was
that the quality of the growth surface was in some way
affecting the release of a CVD diamond wafer on cooling
after growth thus causing cracking However, it was found
that processing the growth surface to have a more precisely
defined flatness and roughness did not in itself solve the
problems. After much research focussed at addressing these
issues, the present inventors have surprisingly found that the
problems they have observed are a result of small variations
in temperature across the growth surface of the substrate
caused by very minor variations in the height of the gas gap
under the substrate. In particular, the present inventors found
that although the cylindrical refractory metal substrates
provided by their supplier have nominally planar front and
rear surfaces, these surfaces are not sufficiently flat. Minor
flatness variations in a rear surface of the substrate result in
minor variations in the height of the gas gap and it has been
found that this results in differential cooling across the
substrate. The temperature variations caused by the varia-
tions in the gas gap height result in stress variations in the
CVD diamond on cooling after CVD diamond growth which
can cause the diamond wafer to crack in at least a proportion
of growth runs resulting in reduced yields.

While the previously described arrangements can control
variations in temperature which are circumferentially sym-
metric, it can be more difficult to control temperature
variations which are not circumferentially symmetric such
as those caused by variations in the gas gap height. For
example, refractory metal substrates tend to sag and buckle
during use (despite being a long way from their melting
point). Uniform sag mainly modifies Tc-Te which can be
controlled as previously described. However, buckling intro-
duces non-uniformities in the temperature around the wafer
edge which are not symmetric. Therefore it is not easy to
maintain the whole edge in compression. Typical buckling
magnitudes can be greater than 20 micron (peak to valley).
For a gas gap of approximately 200 microns, this corre-
sponds to a 10% variation in thickness, and corresponding



US 9,478,938 B2

19

temperature variation. This can result in up to 60° C.
variations in temperature around the wafer edge.

In order to solve this problem, it is advantageous to ensure
that the height h of the gas gap varies by no more than 100
um, 80 um, 60 um, 40 pm, 20 um, 10 pm, 5 pm, or 2 pm.
This may be achieved, for example, by further processing
the rear surface of substrates provided by suppliers to have
a very precisely defined profile which is complementary to
the profile of the supporting surface of the substrate holder.
For example, if the supporting surface of the substrate holder
is flat, then the rear surface of the substrate should be
processed to ensure that it is very precisely flat.

Accordingly, control of rear surface substrate shape by
mechanical means (preferably uniform, non-directional pro-
cessing, e.g. lapping rather than grinding) has been found to
be advantageous. Furthermore, the supporting surface of the
substrate holder may also be processed to have a precisely
defined profile which is complementary to the rear surface of
the substrate.

In addition to the above, it has also been found that some
cylindrical refractory metal substrates provided by suppliers
do not result in uniform, high quality CVD diamond wafers,
even if both front and rear surfaces were processed as
outlined above. Commercially available refractory metals
often contain small amounts of graphite forming impurities
such as iron and nickel. Even very small proportions of such
impurities have been found to affect CVD diamond growth
on the growth surface of such a substrate. Accordingly, in
addition to applying the precise processing of both front and
rear surfaces of the substrate as previously described, it is
advantageous to use a carbide forming refractory metal
substrate which has very high chemical purity with less than
0.5%, 0.1%, 0.075%, 0.05%, 0.025%, 0.01%, 0.005%, or
0.001% by weight of graphite forming impurities at the
growth surface of the substrate.

Optionally, the growth surface has a surface roughness R,
in the range 1 nm to 1 pm. It has been found that the
roughness of the growth surface can affect both the crystal
structure of the CVD diamond grown thereon and adhesion
strength of the CVD diamond to the substrate. It has been
found that a surface roughness R, in the range 1 nm to 1 um
has been found to be particularly useful to provide sufficient
adhesion to the CVD diamond during growth to prevent
early delamination during growth while providing a suffi-
ciently low adhesion such that the diamond material can be
released from the substrate on cooling after CVD growth
without the material cracking Preferred range of surface
roughness may be 1 nm to 500 nm, 10 nm to 500 nm, 10 nm
to 200 nm. Typically, the refractory metal discs are first
lapped on a cast iron wheel using diamond grit suspended in
a lapping fluid. In general, the lapping process is used for
bulk material removal and also to achieve the required
flatness for the given process. There are a few processes
where the as-lapped surface is used. A typical R, value for
the lapped finish is 100 nm to 500 nm. However, usually the
lapped surface is then further processed using, for example,
a grinding/polishing machine and using a finer grit to obtain
a lower surface roughness value. Prior to CVD diamond
growth, the refractory metal substrates may be cleaned to
ensure all contamination from the lapping process has been
removed and/or seeded to aid nucleation for diamond
growth thereon.

Process Conditions

Using the aforementioned apparatus a process has been
developed for fabricating thick, high thermal conductivity
polycrystalline CVD synthetic diamond material at high
growth rates. The process comprises:
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loading a refractory metal substrate into a CVD reactor;
locating a refractory metal guard ring around a peripheral
region of the refractory metal substrate, the refractory
metal guard ring defining a gap between an edge of the
refractory metal substrate and the refractory metal
guard ring having a width 1.5 mm to 5.0 mm;

introducing microwaves into the CVD reactor at a power
such that the power density in terms of power per unit
area of the refractory metal substrate is in a range 2.5
to 4.5 W mm™>;
introducing process gas into the CVD reactor wherein the
process gas within the CVD reactor comprises a nitro-
gen concentration, calculated as molecular nitrogen N,
in a range 600 ppb to 1500 ppb, a carbon containing gas
concentration in a range 1.5% to 3.0% by volume, and
a hydrogen concentration in a range 92% to 98.5% by
volume;
controlling an average temperature of the refractory metal
substrate to lie in a range 750° C. to 950° C. and to
maintain a temperature difference between an edge and
a centre point on the refractory metal substrate of no
more than 80° C.

growing polycrystalline CVD synthetic diamond material
to a thickness of at least 1.3 mm on the refractory metal
substrate; and

cooling the polycrystalline CVD synthetic diamond mate-

rial to yield a polycrystalline CVD synthetic diamond
material having a thickness of at least 1.3 mm, an
average thermal conductivity at room temperature
through the thickness of the polycrystalline CVD syn-
thetic diamond material of at least 2000 Wm™'K~" over
at least a central area of the polycrystalline CVD
synthetic diamond material, wherein the central area is
at least 70% of a total area of the polycrystalline CVD
synthetic diamond material, a single substitutional
nitrogen concentration no more than 0.80 ppm over at
least the central area of the polycrystalline CVD syn-
thetic diamond material, and wherein the polycrystal-
line CVD synthetic diamond material is substantially
crack free over at least the central area thereof such that
the central area has no cracks which intersect both
external major faces of the polycrystalline CVD syn-
thetic diamond material and extend greater than 2 mm
in length.

The process comprises the use of increased nitrogen and
carbon containing gas to increase growth rates while using
a higher power density to reduce the uptake of non-diamond
carbon and nitrogen within the growing polycrystalline
CVD synthetic diamond material. While high power density
conditions have been found to be advantageous for fabri-
cating thick, high thermal conductivity polycrystalline CVD
synthetic diamond material at high growth rates, such con-
ditions are difficult to control in a uniform manner. The
microwave plasma reactor and substrate configurations as
previously described are capable of sustaining such condi-
tions in a stable and uniform manner in order to achieve the
present invention. By combining developments in reactor
design and process design it has been possible to achieve the
fabrication of thick, high thermal conductivity polycrystal-
line CVD synthetic diamond material at high growth rates.

The diameter of the refractory metal substrate may lie in
arange 60 mm to 120 mm, 80 mm to 110 mm, 90 mm to 110
mm, or 95 mm to 105 mm. The diameter of the refractory
metal substrate may be optimized to balance the following
parameters:

(a) Number of product wafers which can be extracted from
an as-grown wafer. For example, a 90 mm diameter
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substrate has a maximum yield of 12 20 mm diameter

product wafers whereas a 100 mm diameter substrate has

a maximum yield of 16 20 mm diameter product wafers

if cut from the as-grown wafer in a symmetric pattern.

This can actually be increased to 17 product wafers if cut

from the as-grown 100 mm diameter wafer with an

irregular, offset pattern.

(b) Power density. If the diameter of the substrate is
decreased then the power density per unit area of the
substrate is increased for a given microwave power input
to the reactor chamber. The power density may be defined
as the total power absorbed per unit area of the substrate
and/or the total power delivered per unit area of the
substrate.

(c) Power/pressure handling capability. If the diameter of the
substrate is increased then it has been found that the
power/pressure handling capability of the substrate can be
increased. For example, it has been found that 100 mm
substrates have a higher power/pressure handling capa-
bility than 90 mm substrates, at least for the reactor
configuration described herein, and readily give higher
growth rates for apparently similar quality material.

(d) Uniformity of product material. If the diameter of the
substrate is increased then it has been found that the
quality of material can decrease in peripheral regions of
an as-grown wafer.

Taking all the aforementioned parameters into account it
has been found that for synthesis of thick, high thermal
conductivity polycrystalline at high growth rates a substrate
diameter of around 100 mm is preferred.

The power density may be in a range 2.75 to 425 W
mm™>,3.0t04.0 Wmm™, 3.2t0 3.8 Wmm™2, or 3.3 t0 3.6
W mm~2. Furthermore, an operating pressure during growth
of the polycrystalline CVD synthetic diamond material may
be controlled within a range 100 to 300 torr, 150 to 250 torr,
175 to 225 Torr, or 195 to 205 Torr. While high power
density and high pressure conditions have been found to be
advantageous for synthesis of thick, high thermal conduc-
tivity polycrystalline diamond material at high growth rates,
if the power density and pressure are made too high then the
growth conditions become less stable and more difficult to
control in a uniform manner.

Using the substrate diameter and power density/gas pres-
sure parameters defined above, it has been found that the
following process gas composition is preferred:

(a) a nitrogen concentration, calculated as molecular nitro-
gen N, in a range 600 ppb to 1500 ppb, 700 ppb to 1300
ppb, 800 ppb to 1200 ppb, or 900 ppb to 1100 ppb;

(b) a carbon containing gas concentration in a range 1.5% to
3.0%, 1.6% to 2.5%, 1.7% to 2.3%, or 1.8 to 2.1% by
volume;

(c) a hydrogen concentration in a range 92% to 98.5%, 94%
to 97%, or 95% to 96% by volume.

In this regard, high nitrogen and carbon containing gas
concentrations are desirable to increase the growth rate of
the material. However, if the nitrogen and carbon containing
gas concentrations are made too high then the quality and
thermal conductivity of the product material decreases
below desired levels. An inert gas such as argon may also be
introduced into the process gas.

In relation to the above, the carbon containing gas con-
centration and the hydrogen concentration are calculated as
the concentration of those gases introduced into the CVD
reactor. Nitrogen gas is also added into the CVD reactor but
is also present as an impurity. The nitrogen concentration in
the CVD reactor may be measured by, for example, gas
chromatography as described in WO0196633, and is the sum

10

15

20

25

30

35

40

45

50

55

60

65

22

of the nitrogen gas intentionally added into the CVD reactor
and the nitrogen present as an impurity. Nitrogen may be
present in a number of different forms within the CVD
reactor including atomic nitrogen and various forms of
molecular nitrogen. As such, in the present specification
nitrogen concentrations have been calculated as the equiva-
lent concentration of molecular nitrogen N,. Typically,
nitrogen may be present as an impurity at a level up to
around 300 ppb depending on the purity of the source gases
utilized. The concentration of nitrogen intentionally added
(i.e. excluding impurity nitrogen content) will typically be
less than the measured nitrogen concentration which
includes impurities. For example, the nitrogen concentration
intentionally added into the CVD reactor may be in a range
600 ppb to 1200 ppb, 600 ppb to 1000 ppb, 620 ppb to 800
ppb, or 640 ppb to 700 ppb.

The average temperature of the refractory metal substrate
may be controlled to lie in a range 775° C. to 900° C., 800°
C. to 875° C., or 820° C. to 860° C. Furthermore, the
temperature difference between an edge and a centre point
on the refractory metal substrate may be controlled to be no
more than 60° C., 40° C., 20° C., or 10° C. The substrate
temperature can affect growth rates and impurity uptake.
Furthermore, large temperature differences between an edge
and a centre point of the substrate can lead to thermally
induced stress and wafer cracking on cooling. As such,
careful control of substrate temperature using a gas gap
arrangement as previously described is advantageous in
alleviating these problems.

However, even utilizing such substrate temperature con-
trol, it has been found that synthesis of thick, high thermal
conductivity polycrystalline diamond material at high
growth rates using high power densities can still lead to
thermally induced cracking This problem has been traced to
the edge temperature of the substrate being too high under
the desired growth conditions. Accordingly, to lower the
edge temperature of the substrate a refractory metal guard
ring can be located around a peripheral region of the
refractory metal substrate, the refractory metal guard ring
defining a gap between an edge of the refractory metal
substrate and the refractory metal guard ring having a width
1.5 mm to 5 mm. The refractory metal guard ring must be
located and configured to remove heat from the edge of the
substrate while not being positioned and configured such
that polycrystalline CVD diamond material overgrows the
guard ring inhibiting release of the wafer after growth.

In light of the above, a refractory metal guard ring can be
located around a peripheral region of the refractory metal
substrate, the gap between the edge of the refractory metal
substrate and the refractory metal guard ring having a width
in a range 1.5 mm to 5 mm, 2 mm to 4 mm, or 2.5 mm to
3.5 mm. The height, cross-sectional width, and cross-sec-
tional shape can be configured to optimize temperature
control at the edge of the substrate while alleviate problems
of diamond growth on the guard ring. FIG. 7 shows a CVD
reactor including a suitably configured refractory metal
guard ring. The CVD reactor is similar in the same as that
shown in FIG. 2 and like reference numerals have been used
for like parts. The substrate mounting configuration has been
modified to include a guard ring 80 disposed around the
refractory metal substrate 5. As before, the substrate 5 is
mounted on spacer wires 20 to form a gas gap 22 between
the substrate holder 4. The guard ring 80 is disposed directly
on the substrate holder 4 around a peripheral region of the
substrate defining a gap 82 between the guard ring 80 and
the edge of the substrate 5. The height of the guard ring
above the support substrate is approximately equal to the
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height of the upper surface of the substrate. For example, the
height of the guard ring may be within 20 mm, 15 mm, 10
mm, 5 mm, or 3 mm of the height of the substrate.

FIG. 8 illustrates a cross-section of the guard ring 80 in
more detail. The outer surface of the guard ring include a
vertical section 84, a sloped section 86, and a flat top section
88. The width of the base 90 can be optimized for conduct-
ing heat into the substrate holder 4 in use. The greater the
contact area between the guard ring base 90 and the substrate
holder, the greater the degree of cooling of the guard ring.
Initially, a guard ring having a base contact of 1 mm in width
was utilized but this resulted in diamond growth on the top
surface of the guard ring. Accordingly, the base contact was
increased in width to 3 mm in order to reduce the tempera-
ture of the guard ring during operation. This modification
was successful in preventing growth of diamond material
over the guard ring.

Product
Using the apparatus and process conditions as described
above, it is possible to fabricate a thick, high thermal
conductivity polycrystalline CVD diamond wafer at high
growth rates. The polycrystalline CVD diamond wafer com-
prises:
an average thermal conductivity at room temperature
through a thickness of the polycrystalline CVD syn-
thetic diamond material of at least 2000 Wm™'K~! over
at least a central area of the polycrystalline CVD
synthetic diamond material, wherein the central area is
at least 70% of a total area of the polycrystalline CVD
synthetic diamond material; and
a single substitutional nitrogen concentration no more
than 0.80 ppm over at least the central area of the
polycrystalline CVD synthetic diamond material;

wherein the thickness of the polycrystalline CVD syn-
thetic diamond material is at least 1.3 mm; and

wherein the polycrystalline CVD synthetic diamond
material is substantially crack free over at least the
central area such that the central area has no cracks
which intersect both external major faces of the poly-
crystalline CVD synthetic diamond material and extend
greater than 2 mm in length.

As previously described, the increase in power density
off-sets the increase the carbon containing gas and nitrogen
in the synthesis process such that the non-diamond carbon
content of the product is not unduly increased and the
nitrogen content is actually decreased. This is due to an
increase in atomic hydrogen flux to the growth surface
which effectively cleans the material during growth allowing
a high thermal conductivity material to be fabricated at
higher growth rates. As such, the process gas composition
and the power density may be balanced to achieve the
desired product. In this regard, the polycrystalline CVD
synthetic diamond wafer may comprise a single substitu-
tional nitrogen concentration no more than 0.70 ppm, 0.60
ppm, 0.50 ppm, or 0.45 ppm. Furthermore, the polycrystal-
line CVD synthetic diamond wafer may comprise a single
substitutional nitrogen concentration no less than 0.10 ppm,
0.20 ppm, 0.30 ppm, or 0.35 ppm. If too much nitrogen is
provided then the growth rate is increased too much and the
quality of material is too low. While the power density could
be further increased to counteract this effect, the power
handling capability of the apparatus to sustain stable growth
is limiting. Conversely, if too little nitrogen is provided then
the growth rate of the material is too low to achieve thick
wafers in a commercially viable manner.

In relation to the above, it may be noted that the single
substitutional nitrogen concentration can be measured spec-
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troscopically by the increase in absorption at 270 nm.
Samples are double side polished and acid cleaned. Spectra
are then collected between 200-1800 nm. Raw spectrometer
data is converted into absorption coeflicient data through the
equation

Alem™) = lnIO(S;[B)

where A is the absorption coefficient, S is the measured
signal from the spectrometer, B is the background signal
taken at 1800 nm, and t is the thickness of the sample (cm).
The single substitutional nitrogen content is proportional to
the absorption coefficient increase at 270 nm, where the
proportionality constant is 0.7114. The increase in absorp-
tion is calculated by subtracting a linear background from
the region 240 nm to 300 nm. Data indicates that that the
single substitutional nitrogen content of the new polycrys-
talline CVD synthetic diamond material grown at higher
power densities and growth rates is approximately half that
of material which has a comparable thermal conductivity but
which is grown at lower power densities and growth rates.

Preferably, the polycrystalline CVD synthetic diamond
wafer has an average thermal conductivity at room tempera-
ture through the thickness of the wafer which is at least
2025 Wm™'K™', 2050 Wm™'K~!, 2075 Wm™'K™', 2100
Wm'K™, 2125 Wm ™K, or 2150 Wm™'K~'. While going
to higher thermal conductivities is possible, this generally
requires a reduction in the carbon containing gas and/or
nitrogen which results in a decrease in growth rate. In this
regard, the present inventors have realized that for many
high performance thermal applications a thermal conductiv-
ity at room temperature in a range 2000 Wm~'K~* to 2200
Wm™'K™' is adequate. Accordingly, balance growth rates
against device requirements, the thermal conductivity at
room temperature may be less than 2200 Wm™'K~*, 2180
Wm™'K", 2175 Wm™'K™", or 2160 Wm™'K~".

Thermal conductivity can be measured in thick diamond
wafers using the proven relationship between thermal con-
ductivity and the CHx component of the FTIR absorption
spectrum. This relationship is described in “Thermal con-
ductivity measurements on CVD diamond”, by Twitchen et
al, Diamond and related materials, 10 (2001) 731-735. The
integrated area of the CHx components in the region 2760
cm™! to 3030 cm™' of the IR spectrum of the diamond
window, once corrected with a linear baseline, has been
shown to be quantitatively related to the thermal conduc-
tivity of diamond.

Several samples of polycrystalline CVD synthetic dia-
mond material fabricated in accordance with the present
invention have been measured to date using the aforemen-
tioned technique and have been found to have an average
through-thickness thermal conductivity of around, and in
some cases over, 2150 Wm™K™!.

Alternatively, a laser flash technique can be used to
measure thermal conductivity through the thickness of a
polycrystalline CVD synthetic diamond material. Laser flash
is a one-dimensional measurement of thermal diffusivity.
The measurement involves the absorption of energy at the
front face of a sample, and subsequently measuring the
temperature rise profile at the rear face of that piece. The
thermal diffusivity (o) is given by the equation:

£2
a=0.1388- —
Tl

5
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where d is the thickness of the sample and T, , is the time to
half the maximum temperature. This thermal diffusivity can
be converted to a thermal conductivity using the equation:

where k is the thermal conductivity, p is the density of the
material, and ¢, is the specific heat capacity. The standard for
laser flash measurement of thermal conductivity is BS EN
821-2:1997.

It should be noted that the thermal conductivity of a
polycrystalline CVD synthetic diamond wafer will change
on passing through the thickness of the wafer due to varia-
tions in grain size along with variations in impurity and/or
defect concentration. As such, in the present specification
thermal conductivities are measured as an average value
through the thickness of a wafer of the polycrystalline CVD
synthetic diamond material. If a measurement technique is
not suitable for measuring thermal conductivity through the
entire thickness of a wafer in a single measurement due to
the wafer being too thick, then the wafer may be split into
two or more thinner sections, the thermal conductivity of
each section measured, and then an average thermal con-
ductivity value calculated.

For example, laser flash measurements as previously
described are difficult to perform on thick samples. The table
below indicates laser flash data for samples taken from a
2700 micron thick polycrystalline CVD synthetic diamond
wafer fabricated in accordance with an embodiment of the
present invention:
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upper portions but is similar to that of the upper portion. As
such, the average thermal conductivity, calculated through
the material and also across the material for the samples
taken, is approximately 2090 Wm™'K~".

In relation to the above, it will also be appreciated that a
polycrystalline CVD synthetic diamond wafer grown
according to the present invention may have a portion of it
nucleation face removed by post-synthesis processing to
increase the average through-thickness thermal conductivity
of the wafer.

The polycrystalline CVD synthetic diamond wafer may
have an as-grown diameter in a range 60 mm to 120 mm, 80
mm to 110 mm, 90 mm to 110 mm, or 95 mm to 105 mm.
As previously discussed, the diameter may be optimized to
balance the area of wafer produced against material quality,
material uniformity, and the power handling capability of the
substrate.

The polycrystalline CVD synthetic diamond wafer may
have a thickness of at least 1.5 mm, 1.7 mm, 1.8 mm, 1.9
mm, 2.0 mm, 2.2 mm, 2.5 mm, 2.75 mm, 3.0 mm, 3.25 mm,
or 3.5 mm. The thickness will depend on the intended
end-use. As previously discussed, as material is grown to
greater thickness the grain size of the polycrystalline mate-
rial increases as does the rate of impurity uptake. As such,
growing a high thermal conductivity wafer to very thick
dimensions is difficult. However, the present inventors have
demonstrated that the apparatus and process as described
herein is capable of fabricating high thermal conductivity
wafers over 3.5 mm in thickness.

The substrate configuration including temperature control
via a gas gap and a suitably configured guard ring structure
allow crack free wafers to spontaneously delaminate from

First 450 microns of material (0-450)

Final 450 microns of material (2250-2700)

Sample 1 Sample 2 Sample 2 Sample 4  Sample 5 Sample 6 ~ Sample 7 Sample 8  Sample 9
Temperature (° C.) 201 201 201 20 20 20 201 201 20
Thickness (um) 455 454 456 452 463 451 452 450 462
Half rise-time (ps) 24.54 25.06 24.88 24.69 25.58 23.43 23.27 23.35 2443
Thermal diffusivity x 102 (m?/s) 1.17 1.14 1.16 1.15 1.16 1.21 1.22 1.20 1.21
Thermal conductivity (W/m K) 2035 1984 2016 1996 2021 2094 2117 2092 2107
TC average (W/m K) 2010 2102
Standard deviation (W/m K) 20 12
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Five samples of approximately 450 microns in thickness
were taken from a nucleation face side of the polycrystalline
CVD synthetic diamond wafer, i.e. the first 450 microns of
the polycrystalline CVD synthetic diamond wafer. Four
further samples were taken from a growth face side of the
polycrystalline CVD synthetic diamond wafer, i.e. the last
450 microns of the polycrystalline CVD synthetic diamond
wafer. As can be seen from the data, samples from the
nucleation face side generally have a lower thermal conduc-
tivity and may dip slightly under the 2000 Wm™K~" limit
such as in the case of samples 2 and 4. However, the average
thermal conductivity through the entire wafer at any of the
sample points across the diameter of the wafer was found to
be significantly over the 2000 Wm™K~* limit.

In the above table, an average value for the samples taken
from the first 450 micron portion of the wafer has been
calculated as 2010 Wm™"K~* whereas an average value for
the samples taken from the last 450 micron portion of the
wafer has been calculated as 2010 Wm™'K~'. The material
between the lower and upper portions of the wafer has a
thermal conductivity intermediate between the lower and
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the substrate on cooling. In this regard, the wafers may be
substantially crack free over a central area of the wafer
which is at least 75%, 80%, 85%, 90%, 95%, or 99% of the
diameter of the wafer.

The as-grown polycrystalline CVD synthetic diamond
wafer may be used in large area form or otherwise may be
cut into smaller items depending on the end application.

While this invention has been particularly shown and
described with reference to preferred embodiments, it will
be understood to those skilled in the art that various changes
in form and detail may be made without departing from the
scope of the invention as defined by the appendant claims.

The invention claimed is:

1. A method of fabricating a polycrystalline CVD syn-
thetic diamond material having an average thermal conduc-
tivity at room temperature through a thickness of the poly-
crystalline CVD synthetic diamond material of at least 2000
Wm™'K™!, the method comprising:

loading a refractory metal substrate into a CVD reactor;

locating a refractory metal guard ring around a peripheral

region of the refractory metal substrate, the refractory
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metal guard ring defining a gap between an edge of the
refractory metal substrate and the refractory metal
guard ring having a width 1.5 mm to 5.0 mm;

introducing microwaves into the CVD reactor at a power
such that the power density in terms of power per unit
area of the refractory metal substrate is in a range 2.5
to 4.5 W mm™>;
introducing process gas into the CVD reactor wherein the
process gas within the CVD reactor comprises a nitro-
gen concentration in a range 600 ppb to 1500 ppb
calculated as molecular nitrogen N,, a carbon contain-
ing gas concentration in a range 1.5% to 3.0% by
volume, and a hydrogen concentration in a range 92%
to 98.5% by volume;
controlling an average temperature of the refractory metal
substrate to lie in a range 750° C. to 950° C. and to
maintain a temperature difference between an edge and
a centre point on the refractory metal substrate of no
more than 80° C.

growing polycrystalline CVD synthetic diamond material
to a thickness of at least 1.3 mm on the refractory metal
substrate; and

cooling the polycrystalline CVD synthetic diamond mate-

rial to yield a polycrystalline CVD synthetic diamond
material having a thickness of at least 1.3 mm, an
average thermal conductivity at room temperature
through the thickness of the polycrystalline CVD syn-
thetic diamond material of at least 2000 Wm™'K~! over
at least a central area of the polycrystalline CVD
synthetic diamond material, wherein the central area is
at least 70% of a total area of the polycrystalline CVD
synthetic diamond material, a single substitutional
nitrogen concentration no more than 0.80 ppm and no
less than 0.10 ppm over at least the central area of the
polycrystalline CVD synthetic diamond material, and
wherein the polycrystalline CVD synthetic diamond
material is substantially crack free over at least the
central area thereof such that the central area has no
cracks which intersect both external major faces of the
polycrystalline CVD synthetic diamond material and
extend greater than 2 mm in length.

2. A method according to claim 1, wherein the refractory
metal substrate has a diameter which lies in a range 60 mm
to 120 mm, 80 mm to 110 mm, 90 mm to 110 mm, or 95 mm
to 105 mm.

3. A method according to claim 1, wherein the gap
between the edge of the refractory metal substrate and the
refractory metal guard ring has a width in a range 2.0 mm
to 4.0 mm, or 2.5 mm to 3.5 mm.

4. A method according to claim 1, wherein the nitrogen
concentration in the process gas within the CVD reactor,
calculated as molecular nitrogen N,, lies in a range 700 ppb
to 1300 ppb, 800 ppb to 1200 ppb, or 900 ppb to 1100 ppb.

5. A method according to claim 1, wherein the carbon
containing gas concentration of the process gas within the
CVD reactor lies in a range 1.6% to 2.5%, 1.7% to 2.3%, or
1.8 to 2.1% by volume.

6. A method according to claim 1, wherein the hydrogen
concentration of the process gas within the CVD reactor lies
in a range 94% to 97%, or 95% to 96% by volume.

7. A method according to claim 1, wherein the average
temperature of the refractory metal substrate is controlled to
lie in a range 775° C. to 900° C., 800° C. to 875° C., or 820°
C. to 860° C.
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8. A method according to claim 1, wherein the tempera-
ture difference between the edge and the centre point on the
refractory metal substrate is no more than 60° C., 40° C., 20°
C., or 10° C.

9. A method according to claim 1, wherein the power
density is in a range 2.75 to 425 W mm~2, 3.0 to 4.0 W
mm™, 3.2t0 3.8 Wmm™>, or 3.3 to 3.6 W mm™2.

10. A method according to claim 1, wherein an operating
pressure during growth of the polycrystalline CVD synthetic
diamond material is controlled within a range 100 to 300
torr, 150 to 250 torr, 175 to 225 Torr, or 195 to 205 Torr.

11. A polycrystalline CVD synthetic diamond material
comprising:

an average thermal conductivity at room temperature

through a thickness of the polycrystalline CVD syn-
thetic diamond material of at least 2000 Wm ™K™' over
at least a central area of the polycrystalline CVD
synthetic diamond material, wherein the central area is
at least 70% of a total area of the polycrystalline CVD
synthetic diamond material; and

a single substitutional nitrogen concentration no more

than 0.80 ppm and no less than 0.10 ppm over at least
the central area of the polycrystalline CVD synthetic
diamond material;
wherein the thickness of the polycrystalline CVD syn-
thetic diamond material is at least 1.3 mm; and

wherein the polycrystalline CVD synthetic diamond
material is substantially crack free over at least the
central area such that the central area has no cracks
which intersect both external major faces of the poly-
crystalline CVD synthetic diamond material and extend
greater than 2 mm in length.

12. A polycrystalline CVD synthetic diamond material
according to claim 11, wherein the average thermal conduc-
tivity at room temperature through the thickness of the
polycrystalline CVD synthetic diamond material is at least
2025 Wm™'K™!, 2050 Wm™'K~!, 2075 Wm™'K™', 2100
Wm~'K™!, 2125 Wm™ K™, or 2150 Wm™'K~".

13. A polycrystalline CVD synthetic diamond material
according to claim 11, wherein the average thermal conduc-
tivity at room temperature through the thickness of the
polycrystalline CVD synthetic diamond material is less than
2200 Wm~'K-, 2180 Wm™'K~! 2175 Wm™'K~, or 2160
Wm™'K

14. A polycrystalline CVD synthetic diamond material
according to claim 11, wherein the polycrystalline CVD
synthetic diamond material has an as-grown diameter in the
range 60 mm to 120 mm, 80 mm to 110 mm, 90 mm to 110
mm, or 95 mm to 105 mm.

15. A polycrystalline CVD synthetic diamond material
according to claim 11, wherein the thickness is at least 1.5
mm, 1.7 mm, 1.8 mm, 1.9 mm, 2.0 mm, 2.2 mm, 2.5 mm,
2.75 mm, 3.0 mm, 3.25 mm, or 3.5 mm.

16. A polycrystalline CVD synthetic diamond material
according to claim 11, wherein the single substitutional
nitrogen concentration is no more than 0.70 ppm, 0.60 ppm,
0.50 ppm, or 0.45 ppm.

17. A polycrystalline CVD synthetic diamond material
according to claim 11, wherein the single substitutional
nitrogen concentration is no less than 0.20 ppm, 0.30 ppm,
or 0.35 ppm.

18. A polycrystalline CVD synthetic diamond material
according to claim 11, wherein the diameter of the central
area is at least 75%, 80%, 85%, 90%, 95%, or 99% of the
as-grown diameter of the polycrystalline CVD synthetic
diamond material.



